Background. Microcinephotography was used to study a model of persistent truncus arteriosus created in chick embryos by ablation of premigratory neural crest destined for the third and fourth aortic arch arteries as well as the septum of the cardiac outflow tract.
Relation of Early Hemodynamic Changes to Final Cardiac Phenotpe and Survival After
Neural Crest Ablation in Chick Embryos Hitoshi Tomita, MD; David M. Connuck, MD; Linda Leatherbury, MD; and Margaret L. Kirby, PhD Background. Microcinephotography was used to study a model of persistent truncus arteriosus created in chick embryos by ablation of premigratory neural crest destined for the third and fourth aortic arch arteries as well as the septum of the cardiac outflow tract.
Methods and Results. Twenty-five control embryos and 105 of 202 experimental embryos were filmed on day 3 of incubation and then reincubated. The remaining 97 experimental embryos were not filmed because of twisting of the embryos, but they were reincubated. There was no difference in either the survival rate (p>0.23) from day 3 to day 11 of incubation or the incidence of persistent truncus arteriosus (p>0.08) between the filmed and the nonfilmed embryos. Incomplete looping of the cardiac tube observed in experimental embryos during early cardiogenesis correlated with a right ventricular origin of the outflow vessels in the definitive heart. Hemodynamic measurements indicated that there was no difference in heart rate, ejection fraction, systolic and diastolic areas, stroke volume, and cardiac output between controls and the experimental group as a whole. However, embryos that did not survive to day 11 had decreased stroke volume (p<0.001) and cardiac output (p<0.001), whereas embryos that survived to day 11 with cardiac malformations had increased stroke volume and cardiac output in early embryogenesis.
Conclusions. Increased stroke volume and cardiac output may be necessary factors for survival in embryos with cardiac dysmorphogenesis and probably are associated with dilation of the ventricular portion of the cardiac tube, which leads to malalignment of the outflow vessel or vessels. (Circulation 1991; 84:1289 -1295 Ectomesenchymal cells derived from the cranial neural crest are required for normal heart development.' Neural crest cells from the region of the midotic placode to the caudal limit of somite 3 have been called "cardiac neural crest" because of their special significance in cardiovascular development. These cells migrate from the neural fold into pharyngeal arches 3, 4, and 6.2-4 Ablation of this region of the neuroectoderm during early embryogenesis results in morphological alterations of the heart and outflow tract, depending on the location and amount of cardiac neural crest removed.5
Chick embryos with bilateral ablation of cardiac neural crest have a high incidence of persistent truncus arteriosus and anomalies of the derivatives of the aortic arch arteries.
Surgery to ablate the neural crest is routinely performed at 24-30 hours of incubation. By day 3 of incubation, the embryo has attained the looped-tube stage in heart development. Neural crest cells have not yet entered the outflow tract of the heart, but pharyngeal arches 3 and 4 are well populated with ectomesenchyme derived from the neural crest.2 A number of hemodynamic parameters have been evaluated at day 3 of incubation after the ablation of neural crest but before the time at which the heart has attained its final phenotype. The ventricles of experimental embryos show altered conotruncal shape (100%), depressed contractility and dilation (84%), decreased emptying of the bulbus cordis (79%), incompetent truncal cushions (68%), incomplete looping of the cardiac tube (58%), thinner wall in both systole and diastole, and decreased shortening fraction, wall velocity, and ejection fraction. 6 thought to account for the maintenance of normal stroke volume and, hence, cardiac output in these embryos.6 The dilation of the ventricle accompanies incomplete looping of the cardiac tube; this dilation is viewed as a compensatory mechanism for decreased contractility. It has been speculated that the incomplete looping of the cardiac tube at this early stage in development might interfere with normal developmental alignment of the cardiac outflow and inflow tracts. All of these abnormal characteristics show that there are functional and morphological changes in the heart before the time at which predicted structural defects would be apparent. Alterations have also been observed in the flow pattern of the aortic arch arteries of the stage 18 chick embryo. The fourth right aortic arch artery has no blood flow and the third right aortic arch artery has increased flow in 53% of the experimental embryos examined in one study.6 So far, the embryos used in hemodynamic studies have been analyzed on day 3 of incubation with no subsequent evaluation to determine how the hemodynamic abnormalities might correlate with survival and ultimate cardiac phenotype. The purpose of the present study was to determine how the hemodynamic alterations of the early cardiovascular system relate to embryonic survival, persistent truncus arteriosus and aortic arch artery anomalies, and alignment of the inflow and outflow tracts with the ventricles.
Methods

Incubation and Neural Crest Ablation
Fresh, fertilized Arbor Acre chicken eggs were obtained from a local hatchery (Seaboard Hatchery, Athens, Ga.) and incubated in a humidified atmosphere for 24-30 hours at 37.50C.8 Eggs were opened and prepared for microsurgery at Hamburger-Hamilton stages 8-10.9 The chick embryos underwent bilateral ablation of the neural crest from the midotic placode to somite 2. The neural crest in this area migrates via the third and fourth pharyngeal arches into the outflow septation complex of the heart.4 After microsurgery, the eggs were sealed and re-re-incubation Day 11 (H-H stage 37) turned to an incubator at 37.5°C and 100% relative humidity.3'8 When the circulation could be visualized, the embryos were transferred to a second incubator at 37°C and 70% humidity. The eggs were reopened for microcinephotography at stage 18.6 For control embryos, the eggs were opened at stages 8-10, resealed, and returned to the high-humidity incubator without surgery being performed. The day before microcinephotography, these eggs were placed in the lower-humidity incubator.
Microcinephotography
The embryos were viewed at day 3 and selected when they reached stage 18. Each egg was placed in a heated sand bath, and embryo temperature was monitored using a thermistor probe. A high-speed 16-mm camera (Redlake Locam LI) was mounted on a stereomicroscope. Lighting was provided by a fiberoptic strobe (Strobex Model 236) that was externally triggered by the camera's shutter. Each embryo was filmed for 10 seconds at a rate of 100 frames/sec. A stage micrometer was filmed to allow exact calibration of the magnification.
Twenty-five control embryos and 105 of 202 experimental embryos were filmed. The eggs of the filmed experimental and control embryos were resealed and then reincubated to day 11 of incubation. The remaining 97 experimental embryos were not filmed because of twisting of the embryos; however, they were also reincubated until day 11 of incubation, when the cardiovascular system is considered, for the purposes of this study, to be morphologically mature. All embryos were fixed in Carnoy's solution and examined for cardiovascular anomalies. Forty filmed experimental, 46 nonfilmed experimental, and 20 control embryos survived to day 11 of incubation ( Figure 1 ). The survival rates and incidence of persistent truncus arteriosus in filmed and nonfilmed experimental embryos were compared using the x2 test with the level of statistical significance chosen as a probability value of less than 0.05.
Controls
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Film Analysis
Hemodynamic measurements were made using all films of adequate quality. We obtained measurements from 15 of 17 normal surviving controls, 13 of 33 experimental embryos that survived to day 11 and were confirmed to have persistent truncus arteriosus, and 15 of 65 experimental embryos that did not survive to day 11 of incubation. The film of each embryo was reviewed to follow the pattern of blood flow from ventricle to outflow tract during the cardiac cycle. With a digitizing pad, the dimensions and areas of the embryonic ventricles were obtained by tracing the endocardial boundaries. Six ventricular characteristicsheart rate, end-systolic and end-diastolic ventricular areas, stroke volume, cardiac output, and ejection fraction-were selected as variables. Arealength analysis for single-plane angiography was used to calculate end-diastolic and end-systolic volumes, stroke volume, and cardiac output. Heart rate was calculated from the number of frames per heart cycle. The control and experimental (surviving and nonsurviving) groups were compared using unpaired t tests with the level of statistical significance chosen as a probability value of less than 0.05.
Analysis of Cardiovascular Defects
The thoracic cardiovascular structures were observed from the frontal aspect after removal of the thoracoabdominal wall. The pericardium was carefully peeled from the base of the heart and great vessels. Each of the aortic arch artery derivatives was examined for its presence and continuity. The anterior wall of the right ventricle was removed to expose the ventricular septum, tricuspid valve, and right outflow tract. 5 The presence or absence of a persistent truncus arteriosus was noted as well as the vessel alignment. Nondivision of the outflow vessel at the level of the semilunar valves was considered to be indicative of persistent truncus arteriosus. Atrioventricular alignment was assessed for tricuspid atresia, straddling of the tricuspid valve, and double-inlet left ventricle.
Results
Survival Rates
Two hundred seventy-nine embryos underwent neural crest ablation at stages 8-10 (see Table 1 and Figure 1 ). Seventy-two percent of the embryos with neural crest ablations survived to day 3 of incubation; 43% of these experimental embryos survived from 11 of incubation. These survival rates are similar to those found in previous studies of this experimental model.5 There was no significant difference in the survival rates from day 3 to day 11 of incubation between filmed and nonfilmed experimental embryos (p>0.23).
Cardiovascular Defects
Eighty-three percent of the experimental embryos surviving to day 11 of incubation had persistent truncus arteriosus (see Table 2 ). The incidence of persistent truncus arteriosus was similar in the filmed and nonfilmed experimental embryos (33 of 40 and 38 of 46, respectively) (p>0.8). One hundred percent of these embryos had aortic arch artery anomalies. However, these anomalies had a high degree of variability, and no specific pattern was found.
Incomplete Looping of Cardiac Tube
The relation between the position of the outflow vessels in the phenotypically mature heart and incomplete looping of the cardiac tube at day 3 of development was examined. Twenty of 25 experimental embryos with normal cardiac looping ( Figure 2A ) had biventricular origin of the common truncus (Table 3 and Figure 2C ). Nine of 11 experimental embryos with incompletely looped hearts ( Figure  2B ), including one case of double-outlet right ventricle, had right ventricular origin of the common truncus (Table 3 and Figure 2D ). None of these embryos had inflow tract anomalies. There was a significant correlation between incomplete looping of the cardiac tube at day 3 of incubation and right ventricular origin of the common outflow vessel at day 11 of incubation (p<0.001). The relation between survival and incomplete looping of the heart was also examined. Although there was a tendency for embryos with incompletely looped hearts to have a higher survival rate (11 of 22) than embryos with normally looped hearts (25 of 81), this did not represent a significant difference (p=0.095).
Ventricular Characteristics
There was no difference in heart rate, ejection fraction, end-systolic and end-diastolic areas, stroke volume, and cardiac output between controls and the experimental group as a whole ( was significantly larger than that in nonsurviving experimental embryos (p<0.05, Table 4 ). The surviving experimental embryos had a higher stroke volume and cardiac output than the nonsurviving experimental embryos (p<0.001, Table 4 ).
Discussion
This study contributes two important findings to the growing list of hemodynamic alterations after cardiac neural crest ablation. The first is that survival of an embryo with a latent outflow tract defect can be predicted by an increase in stroke volume and cardiac output well before the anatomic defect is apparent. Second, alignment of the outflow vessel or vessels with the ventricles is dependent on the configuration of the cardiac loop during early cardiogenesis.
A previous study showed that although there are differences in shortening fraction and ejection fraction, the stroke volume and cardiac output are comparable to those in control embryos.7 The present study confirms that observation in that the experimental embryos as a group had cardiac outputs similar to those of the control embryos. However, the subset of experimental embryos that survived to day 11 of incubation, when the final phenotype of the cardiovascular system can be assessed, had significantly higher stroke volumes and cardiac outputs than the nonsurviving embryos. Thus, the experimental embryos that were able to survive might maintain cardiac function within a supernormal range as a result of their response to early morphological alterations. In embryos destined to have cardiac malformations, increased stroke volume and cardiac output in early embryogenesis may be either necessary for survival or key factors in the self-selection process.
Most of the embryos in the present study that reached day 11 of incubation after neural crest ablation were classified as having persistent truncus arteriosus. A previous study has demonstrated that ablation of premigratory neural crest destined for pharyngeal arches 3, 4, and 6 resulted in a high incidence of persistent truncus arteriosus and aortic arch artery anomalies.5 In that study, the highest frequency of persistent truncus arteriosus (72.7%) was found after the ablation of the premigratory neural crest destined for the arch 4 and 6 regions. In the present study, we used ablation of neural crest destined for the arch 3 and 4 regions, which was not done in that study.5 The incidence of persistent truncus arteriosus in our study was 83%. Thus, the incidence of persistent truncus arteriosus after ablation of arch 3 and 4 neural crest is significantly higher (p<0.001) than that after arch 4 and 6 ablation, indicating that neural crest from arch 3 may play a more important role in outflow septation than that from arch 6.
One of the major features that has become apparent in all of the studies of stage 18 embryos is the significant degree of axial twisting. The present study has shown that there were no differences in the survival rates from day 3 to day 11 and the rates of persistent truncus arteriosus between embryos with severe twisting (nonfilmed group) and embryos with relatively normal axial development (filmed group). Embryos with severe twisting at the time of filming were not filmed because of the difficulties in viewing and analyzing cardiac parameters. This twisting is assumed to be induced by the process of microsurgery.
Cardiac output, or blood flow, has been the most elusive of cardiac functional parameters to measure in the embryonic heart. There are currently two ways to estimate the cardiac output in the early embryonic chick heart. One way is the pulsed Doppler tech-nique10"11; the other is microcinephotography. [12] [13] [14] [15] We chose microcinephotography as the least invasive of the techniques available to study ventricular function because our aim was to reincubate embryos for detailed morphological study of the heart and great arteries after the major events of cardiogenesis. This has proven to be a good choice, as shown by the fact that there was no difference in the survival rates between filmed and nonfilmed embryos.
One of the disadvantages of this technique, however, is the nonverifiable method that must be used in estimating stroke volume. In previous studies as well as the present one, ventricular volume has been estimated by Simpson's rule for a prolate ellipset1 or a prolate spheroid.12 There is no published experimental evidence to support the applicability of these estimates in the chick embryo. However, the calculated stroke volumes-0.22±0.01 mm'-generated in the present study were very close to those obtained using a pulsed Doppler velocity meter (0.23±0.01 mm3, n=20, unpublished data). Thus, we believe that endocardial ventricular measurements are reasonable estimates of ventricular function during early cardiogenesis. However, it should be noted that the pulsed Doppler technique underestimates cardiac output because blood flow to the head and myocardium originates before the point of measurement.
In a previous study, 68% of the experimental embryos showed a characteristic labeled "incompetent truncal cushions."6 The accurate description of this characteristic was of "a bolus of blood coming back to the midpoint of the conotruncus" from the aortic sac. The red blood cell columns were never seen to regurgitate back into the proximal conotruncus or into the primitive right ventricle. We now believe that this characteristic is more appropriately referred to as "aortic sac insufficiency." Another difference noted in the present study compared with the previous study is that only 11% of the embryos showed incomplete looping compared with 58% in the previous study. We are not able to explain this discrepancy, although the specific neural crest ablation lesions differ.
The cause of changes in ventricular function and looping configuration are not known at the present time. Because the third pharyngeal arches have begun to develop before the time of cardiac anomalies and the neural crest would be involved in formation of the arch and its aortic arch artery, it is possible that the cardiac tube responds to some variation in pharyngeal arch development. In support of this idea, Stewart et a116 noted the change in morphological appearance of the pharyngeal arches at stage 18 after cardiac neural crest ablation. Subsequently Bockman et al17 observed that loss of premigratory neural crest cells is associated with altered development of the pharyngeal arch mesenchyme and aortic arch arteries. Changes in the aortic arch derivatives were noted in the present study and support the observations of Nishibatake et a15 and Bockman et al. 17 We observed that all experimental embryos had aortic arch artery anomalies. Bockman et al showed that cardiac neural crest ablation not only produced a delay in the disappearance of aortic arch arteries 1 and 2 but also affected the normal development of aortic arch arteries 3, 4, and 6. Because the third pharyngeal arch is definitively formed at stage 15,18 it is probable that hemodynamic changes as well as altered blood flow patterns begin very early in development. These may in turn be reflected upstream to the developing cardiac tube. Leatherbury et a16 showed that altered conotruncal shape is a definitive marker for embryos with neural crest ablation by stage 18. We propose that incomplete looping of the cardiac tube, associated with supernormal stroke volume and cardiac output, may obstruct normal developmental alignment of the inflow and outflow tracts. This is supported by data from experiments in which nine cases of incomplete looping correlated with right ventricular origin of the outflow vessel or vessels. There was no correlation of incomplete looping with inflow anomalies, which occurred rarely in the present study. In human cases of persistent truncus arteriosus, the biventricular, right ventricular, and left ventricular origins of the truncal artery have been found in 68-83%, 11-29%, and 4-6% of patients, respectively.19,20 These proportions of truncal artery origin are quite similar to our results in chick hearts (63%, 34%, and 3%, respectively). Again, increased stroke volume and cardiac output may be necessary factors for survival in embryos with cardiac dysmorphogenesis and probably are associated with dilation of the ventricular portion of the cardiac tube, leading to malalignment of the outflow tract.
